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SUMMARY

Shear-wave velocities provide an important constraint on crustal lithology. Limited
crustal shear wave data are available from the ultra-slow spreading mid-ocean ridges.
We combine observations of both compressional (P) and shear (S) waves in ocean
bottom seismometer data from the Southwest Indian Ridge to determine crustal P wave
velocity (Vp), S wave velocity (Vs), Vp/Vs and Poisson’s ratio variations along the
ridge at 49°17'E-50°49'E. Similar layered crustal structures were revealed beneath both
the magmatically robust segment centers (Vp/Vs of 1.76—1.94, Poisson’s ratio of 0.26—
0.32) and the non-transform discontinuity (NTD) between them (Vp/Vs of 1.76-2.03,
Poisson’s ratio of 0.26—0.34). Because laboratory measurements show an overlap in
Poisson’s ratio between mafic igneous rocks and ultramafic rocks, particularly at Vp

values typical of oceanic Layer 3, it can be difficult to distinguish crustal composition
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using this parameter only. However, our observed Vp gradients of 0.1 + 0.1 /s suggest
that in this area, oceanic Layer 3 consists primarily of mafic igneous rocks both at
segment centers and at the NTD. Oceanic crustal layers 2A and 2B above are likely
also to consist of mafic igneous rocks, with some evidence for increased fracturing at
the NTD.

Key words: crustal structure; mid-ocean ridge processes; composition and structure of

the oceanic crust; controlled source seismology
1 INTRODUCTION

The oceanic crust is formed from basaltic melt generated by decompression melting of
the mantle upwelling beneath mid-ocean ridges. The thickness and internal structure of
this crust has been well characterized by wide-angle seismic profiles (e.g. Christeson et
al. 2019; Grevemeyer et al., 2018; White et al. 1992). Typically a two-layer P-wave
velocity structure is observed, with a high-gradient upper layer (Layer 2) underlain by
a low-gradient lower layer (Layer 3). Based on a recent compilation (Christeson ef al.
2019), for the young oceanic crust (age <7.5 Ma), the mean thicknesses of Layer 2 and
3are 1.77 £ 0.60 km and 4.35 £ 1.09 km, respectively, resulting in a mean oceanic crust
thickness of 6.12+ 0.99 km. Layer 2 is commonly associated with extrusive basalts and
sheeted dolerite dykes and Layer 3 is associated with gabbros (e.g. Cann 1974), though
the seismic velocity is controlled by porosity as well as by lithology (e.g. Spudich &

Orcutt, 1980).

However, oceanic crust formed by seafloor spreading at ultraslow rates of less than 20

mm yr”', such as at the Southwest Indian Ridge (SWIR) can be much thinner than 6 km
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thick (e.g. White et al. 2001; Minshull et al. 2006). In places, these ridges exhume
serpentinised mantle to the seafloor (e.g. Sauter et al. 2004, 2013; Dick et al. 2003) and
generate “amagmatic spreading segments” (Dick et al. 2003). In such locations the
conventional layering of oceanic crust, with a distinct velocity discontinuity marking
the base of mafic crust, may disappear completely. Instead, velocities may increase
smoothly with depth as the degree of serpentinization decreases (e.g. Momoh et al.
2017), resulting in either a small velocity discontinuity at the base of the “crust” that
marks a serpentinization front, or in no discontinuity at all. Elsewhere at such ridges,
oceanic Layers 2 and 3 are observed (e.g. Minshull et al. 2006), but the exhumation of
mantle rocks at both slow- and ultra-slow-spreading ridges has led some authors to
question the association between Layer 3 and gabbros, with alternative models

involving gabbroic intrusions within serpentinized mantle peridotite (e.g. Cannat 1993).

A good agreement between seismically determined crustal thicknesses (where P-wave
velocities are less than 8 km/s) and igneous crustal thicknesses inferred from
geochemical indicators of the degree of melting (e.g. White et al. 2001; Christeson et
al. 2019) suggests that serpentinised peridotite may not be the dominant component in
Layer 3 even at ultra-slow spreading ridges (e.g. Prada et al. 2016; Grevemeyer et al.
2018). At such ridges, velocity steps from <7.4 km/s at the bottom of Layer 3 to >7.9
km/s at the top of upper mantle are commonly observed (e.g. Christeson ef al. 2019;
Niu et al., 2015). Direct sampling of in situ Layer 3 rocks by deep drilling has proved
elusive, but active source multi-component wide angle seismic studies can shed further

insights into the petrological characteristics of the seismically defined oceanic crust at
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ultra-slow spreading ridges.

Based on P-wave velocities alone, it can be difficult to distinguish crustal lithologies,
for example between mafic rocks and serpentinised ultramafics (e.g. Carlson & Miller
2003; Carlson 2018; Spudich & Orcutt 1980; White et al. 1992). Laboratory
measurements (e.g. Christensen 1996) suggest that S-wave velocities provide a
valuable additional constraint, and thus if both Vp and S-wave velocities (Vs) can be
measured, lithologies within the oceanic lithosphere may be distinguished more
effectively (e.g. Prada et al. 2016; Grevemeyer et al. 2018; Klingelhofer et al. 2000;
Peirce et al. 2020). The Vp/Vs ratio may be a useful proxy to distinguish mantle- and
crustal-derived lithologies because both basalts and gabbros generally have Vp/Vs
ratios of <1.9, while serpentinized mantle generally has much higher Vp/Vs ratios (e.g.
Grevemeyer et al. 2018). However, compilations of laboratory measurements (e.g.
Bayrakei et al. 2018) show that mafic igneous rocks can have overlapping Vp/Vs ratios.
In this study, we use controlled source seismic data from two segments of the SWIR
and the non-transform discontinuity (NTD) between them to determine the Poisson’s
ratio and Vp/Vs structure of the crust, and combine these with Vp gradients and other

observations to draw inferences about crustal lithologies.

2 GEOLOGICAL SETTING

The SWIR is among the world’s slowest-spreading ridges with an almost constant full
spreading rate of ~14 mm/yr along the 7700 km ridge axis (Patriat et al. 1997). It
extends from the Bouvet triple junction in the south Atlantic to the Rodriguez triple

junction in the central Indian Ocean (Fig. 1). It trends obliquely to its north-south
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spreading direction and is offset northwards along several major north-south trending
transform faults (e.g. Cannat ef al. 1999). Our study area is located in the central
shallow part of the SWIR (49.3°E to 50.8°E), which has a full spreading rate of 13.9
mm/yr (Mendel et al. 2003) and includes three axial volcanic ridge (AVR) segments
(27 to 29; Fig. 1; Cannat et al. 1999; Mendel et al. 2003) with distinct topographies and
two NTDs between them. Because of poor seismic sampling of segment 29 and the
NTD between segments 28 and 29, in this study we focus only on segments 27 and 28
and the NTD between them. The Dragon Flag and Duan Qiao hydrothermal vents are

located at segment 28 and segment 27, respectively (Tao et al., 2012; 2020).

Previous controlled source P-wave seismic studies in this area showed that: (1) The
crust (above the Moho discontinuities (Moho) with Vp <7.0 km/s) beneath segment 27
is up to 10.5 km thick with a low-velocity zone (Niu et al. 2015; Li et al. 2015; Jian et
al. 2017; Yu et al. 2018); (2) the adjacent segment 28 has thinner crust (7-8 km) with
a detachment fault generated on its southern flank (Zhao et al. 2013; Niu et al. 2015;
Yu et al. 2018); and (3) the ~18.5-km-long NTD between these segments has thinner
crust (~5-6 km) (Zhao et al. 2013; Niu et al. 2015; Li et al. 2015; Yu et al. 2018). The
thick crust inferred from seismic studies suggests that, in contrast to observations
elsewhere on the SWIR, a rich magma supply may also occur at this ridge (Zhao et al.
2013; Niu et al. 2015; Li et al. 2015; Yu et al. 2018). Serpentinised peridotite outcrops

have been observed and sampled around the west end of segment 28 (Tao et al. 2020).

3.DATA AND METHOD

During January-March 2010, a three-dimensional (3-D) controlled source four-
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component ocean-bottom seismometer (OBS) experiment was carried out by the R/V
Dayang Yihao around SWIR segments 27 and 28 at S0°E. Four Bolt airguns with a total
volume of 6000 in® (~100 L) were towed at a nominal depth of 10 m and fired at 120 s
— 180 s intervals to give a nominal shot spacing of 200300 m. This study focuses on
one 138-km seismic profile with 12 OBSs along the ridge and spanning both segments
(AB in Fig. 1). OBS spacings ranged from 4 km to 23 km. The OBS data (vertical and
two horizontal geophone components) were corrected for clock drift, OBSs and shots
were both relocated using direct arrivals, and data were band-pass filtered with a 4-20
Hz filter for P waves (Niu et al. 2015) and a 3-8 Hz filter for S waves. For S wave
analysis, we rotated the two horizontal components into radial (in line) and transverse
(cross-line) components using the orientation measured by a compass on the OBS or
that determined by comparing the direct arrival energy for each trace at 1° intervals.
For two-dimensional modelling, a straight-line approximation of the profile was
determined by a least-squares fit to all the shots along the profile. The depth of each
OBS was first estimated from multi-beam bathymetric data, and then refined by fitting

the direct water wave arrivals (Pw).

In general, both the vertical and radial components of the seismic data are of sufficient
quality to pick both crustal and mantle P and S arrivals, respectively, though S arrival
pick uncertainties can be large due to the low signal-to-noise ratio (SNR) and their non-
impulsive nature (Figs 2-3). We identified the Pw, P and S waves refracted from the
oceanic crust and the upper mantle, denoted Pg, Pn and PSSg, PSSn, respectively, and

P and S waves reflected from the Moho, denoted PmP and PSSmS, respectively. All
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the S phases were identified as PSS arrivals, which were converted from P to S at the

seabed on the way down (Christensen 1996).

P-wave picks were guided by those of Niu et al. (2015), but they were re-picked (Table
1, Figs S1-S13 for details) to remove inconsistencies between picks from the vertical
and radial components. Using both sets of picks effectively double-weights shot-
receiver pairs where both are made, but given the high noise level of the dataset, this
approach is justified by the resulting increased confidence in those picks compared to
those from a single component only. We also increased the pick uncertainties for
arrivals with very low SNR, to make sure there is an overlap of the error bars between
the picked arrival times from the different components (Fig. S1b). In addition, analysis
of radial component arrivals led us to add further PmP and Pn picks to achieve overall
consistency (Fig. Sla). The Pg arrivals can be identified in both vertical and radial
components at offsets of ~5-50 km (Figs 2-3) in all the OBSs except OBS 11, where
we used hydrophone data (Niu et al. 2015). High-amplitude PmP arrivals were picked
at ~11-55 km offset (Figs 2-3, S4, S7-S13) in the vertical data from eight OBSs (4, 21,
22,23, 24,25, 26 and 30) and in the radial data from five OBSs (4, 21, 22, 23, and 26).
Pn was picked at offsets of over 20 km (Figs 2-3, S3-S10, S13) in both the vertical and
radial data from nine OBSs (2, 4, 8, 11, 21, 22, 23, 24 and 30).

PSSg was picked in both vertical and radial data from most OBSs at offsets of ~5-50
km (Figs 2-3), except for the vertical data from four OBSs (2, 11, 16 and 21) and the
radial data from OBS 16. PSSmS was picked at offsets of ~11-55 km in the vertical

data from five OBSs (22, 24, 25, 26, and 30) and in the radial data from eight OBSs (4,
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21, 22, 23, 24, 25, 26 and 30). Finally, low-amplitude PSSn arrivals were picked at
offsets of over 30 km in the vertical data from two OBSs (22 and 24) and in the radial
data from two OBSs (22 and 23). For picking uncertainties of S arrivals, we first picked
S arrivals for each instrument, and then re-picked them. We assigned an uncertainty for
each phase that was based on the difference between the two picks. We calculated the
mean arrival time of the two picks as S wave arrivals. Since the SNR tends to decrease
with increasing offset (Zelt & Smith 1992; Zelt & Forsyth 1994), for the noisier OBSs
we also added an offset-dependent term, increasing the uncertainty by 1 ms per km of

offset.

A total of 7859 P-wave and 2831 S-wave travel times were picked from the vertical and
radial components of the 12 OBSs (Table 1). The final Vp crustal structure was obtained
using the inversion and ray-tracing algorithms of Zelt & Smith (1992). This approach
involves layered models in which the vertical velocity gradient within layers is invariant
with depth. Our model included five layers: water layer, oceanic Layer 2A, oceanic
Layer 2B, oceanic Layer 3 and the upper mantle. The velocity node spacings were 5—
10 km, 5-10 km, 10-28 km and 20 km in Layers 2A, 2B, 3 and the mantle, respectively
(Niu et al., 2015). We fixed the velocity at the top of Layer 3 to be the same as the
velocity at the bottom of Layer 2. Once we had obtained a final Vp model, we fitted the
S wave data by adjusting the Poisson’s ratios (Zelt & Smith 1992). Poisson’s ratio was
initially 0.50 in the water and 0.27 elsewhere. Then this parameter was changed in steps
0f'0.01 to fit the S wave data (e.g. Christensen 1996). We applied two criteria: (1) fitting

as many picks as possible; and (2) obtaining a y2 value as close as possible to 1.0. We
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selected a model with 2 = 1.201 and 2765 (97.7%) fitted picks as the final model. The

Vs model was then calculated based on the Vp and Poisson’s ratio models.

For each velocity node, we used the velocity at the bottom of the layer (Vy,;), the
velocity at the top of the layer (V),;) and the layer thickness of H to determine the
velocity gradient Vg = (Vpp—V,:)/H. Mean velocity gradients were calculated using

the mean Vp at the top and bottom of the layer and the mean layer thickness.

4 RESULTS

4.1 New P-wave velocity model and comparison with previous model

Niu et al. (2015) needed two different Moho depths in the western part of their model
(Moho and alternative Moho shown at depth of 8-10 km and distance of 14-75 km in
Fig. 8 of Niu ef al. 2015 and Figs S2-S13) to fit their PmP picks from all OBSs,
attributing this requirement to off-line three-dimensional effects. Using our more
extensive picking of PmP and Pn that uses both the vertical and radial components (Fig.
Slc), and informed by the two models of Niu et al. (2015) and the 3D model of Zhao
etal. (2013), we were able to resolve this ambiguity. The ambiguity arises from a trade-
off between depth and velocity when modelling the PmP phase, due to a lack of turning
waves in the lower crust. Ultimately we found a single velocity model that fits both sets
of picks from all OBSs. The resulting model uses more picks and has smaller misfit and
smaller y” than that of Niu ef al. (2015, Figs. S2-S13). The main change in the model
from the preferred model of Niu et al. (2015) is the distribution of Moho reflection

points beneath Segment 28 and the adjacent NTD (Figs. S14-S15). The Moho depth
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beneath Segment 28 differs significantly from the preferred model of Niu ef al. (2015)
but fits well the PmP arrivals (Tables 1 and 2, Fig. S1c) and matches well both their
alternative model (Fig. S14-S15) and the 3D model of Zhao et al. (2013), which is
sampled in Fig. 11 of Niu et al. (2015). The fit to gravity data is not improved (Fig.
S16), but misfits can be readily attributed to structure out of the plane of the profile.
The other differences from the models of Niu ez al. (2015) are as follows: (1) there are
lower velocities at the top of the upper mantle beneath the NTD; (2) there is less lateral
velocity variation in Layers 2A and 2B; and (3) the velocity at the top of Layer 3 is 6.2
km/s, compared with 6.4 km/s in the previous model. The root-mean-square (RMS)
velocity difference between this model and the two models of Niu et al. (2015) is no
more than 0.1 km/s, which is not higher than the velocity uncertainties of our new model

(Table 3).

The new Vp model shows that segments 27 and 28 have similar velocity structures in
Layers 2A (0.5-1.0 km thickness), 2B (~2.0 km thick) and 3 (6.0-8.0 km thick) (Fig.
4a). Some along-axis velocity variations occur in Layers 2A and 2B, with velocities
about 1.0 km/s higher in segment centers, while no along-axis variations were required
in Layer 3. The velocity at the top of the upper mantle beneath both segments is 8.0
km/s. We calculate Vp gradients within each layer (Table 4). The mean Vp gradients in

Layers 2A, 2B and 3 are 1.7 s, 1.2 s and 0.1 s, respectively.

Beneath the NTD, the same three-layer structure is present. The thickness of Layer 2A
is about 0.2—0.7 km, which is thinner than in the adjacent magmatic segments. Layer 2B
shows the same thickness as in the adjacent segments (about 2 km), while Layer 3 (about

4-5 km thick) is significantly thinner than in the adjacent segments. In the NTD, the top
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of Layer 2B shows a lower velocity (4.0 km/s), as does the top of the upper mantle (7.7

km/s).
4.2 S-wave velocity model

We show S-wave velocities along with Vp/Vs ratios and Poisson’s ratio (Fig. 4b-d). The
PSSmS phase is well fit by the new Moho geometry (Figs 2-3). There is little along-axis
velocity variation in Layer 2A with velocities around 1.3 km/s, while larger along-axis
velocity variations occur at the top of Layer 2B between the magmatic segments (~2.8
km/s) and the NTD (~2.2 km/s). Velocities in Layer 3 beneath the magmatic segments
show little along-axis variation, increasing with depth (from 3.6 km/s at the top to 4.0
km/s at the bottom with velocity gradients of ~0.1 s beneath segment 28 and segment
27). Layer 3 velocities are lower at the NTD (from 3.5 km/s at the top to 3.9 km/s at the
bottom with a velocity gradient of ~0.1 s™'). Because of the lack of PSSn data, we can
only constrain Vs at the top of the upper mantle beneath segment 28 (4.6 km/s) and

beneath the NTD (4.4 km/s).

A large Vs discontinuity is present between the bottom of Layer 2B and the top of Layer
3 (Fig. 4). This discontinuity arises because Poisson’s ratio in the model cannot change
with depth within a layer. In reality, Poisson’s ratio probably decreases with depth, so
this discontinuity is likely an artifact of model parameterisation and Vs may be over-

estimated at the top of Layer 3 and under-estimated at its base.

4.3 Error analysis and uncertainty

The overall x* value for our P-wave model was 1.061, with 95.6% of the picks fitted.
The overall RMS misfit for the Vp model was 132 ms. For the S-wave picks on both

components, the overall RMS misfit was 187 ms and the overall y* value was 1.201,
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with 97.7% of the picks fitted. These values suggest that the model was suitably
parameterised, with a final travel-time misfit slightly larger than the pick uncertainty.
In order to calculate the ray density, following Zelt & Smith (1992), we interpolated
the model onto 0.25 X 0.25 km cells. The number of rays through each cell was
generally larger than 10 and reached over 100 (Fig. S17), indicating that the model is
well constrained except near the ends. Because there may be a trade-off for the wide-
angle reflections (i.e., PmP), we estimated Moho depth uncertainties by using the F-test
to determine the size of the perturbation required to give a statistically different misfit
(Zelt & Smith 1992). Crustal velocity and Poisson’s ratio uncertainties were also
estimated using the F-test (Table 3). Velocity uncertainties in all the layers are shown
to be less than 0.4 km/s (Table 3). Poisson’s ratio uncertainties in Layers 2A and 2B
are slightly larger, ranging from -0.04 to 0.03 and -0.01 to 0.03, respectively, while they

are very small in Layer 3 and the upper mantle, ranging from -0.01 to 0.01 (Table 3).

Along the 138 km profile, ~90 km of Moho was controlled by 955 PmP arrivals (Fig
4a), ~65 km of Moho was controlled by 655 PSSmS arrivals (Fig 4b). We tested the
trade-off between the Moho depth and the bottom velocity of Layer 3, yielding a
maximum of -1.0 km to +0.8 km Moho depth uncertainty when the bottom velocity of
Layer 3 is varied between its confidence limits at 0.1 km/s increments (Table 5). Each
time we changed the bottom velocity of Layer 3, we use the F-test to test the depth
uncertainty of Moho (Zelt & Smith 1992), varying Moho depth by 0.1 km increments
until the 97% confidence limit is reached. The quoted uncertainty spans the maximum

and minimum Moho depth lying within this limit across all the sampled velocities. We
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also used the F-test to estimate the uncertainty of the Vp gradient in each layer, by
perturbing the top and bottom Vp in increments of 0.1 km/s, while keeping the mean

Vp constant and the velocity gradient non-negative.

S DISCUSSION

The seismic crustal thickness varies from ~8.0 km beneath Segment 28 to ~6.3 km
beneath the NTD and ~10.0 km beneath Segment 27 (Figs 4a, 4b). Thick crust is
beneath the AVRs but there is reduced crustal thickness beneath the NTD, as observed

elsewhere on the Southwest Indian Ridge (e.g. Minshull ez al. 2006; Muller et al. 2000).

5.1 Petrological characteristics of Layer 2 and Layer 3

In order to examine the petrological character of the crust in our study area, we
compared our P-wave velocity structure with 0-7.5 Ma crust at slow-spreading ridges
with half spreading rates of 5-20 mm/year (Christeson ef al. 2019), and Vp/Vs and
Poisson’s ratio structures with the ultraslow-spreading Mid-Cayman Spreading Centre

(Grevemeyer et al. 2018) and Mohns ridge (Klingelhofer et al. 2000).

As noted by Grevemeyer ef al. (2018), both basalts and gabbros generally have Vp/Vs
of <1.9, while serpentinised mantle commonly has higher values, though they can range
from ~1.8 (for very low degrees of alteration) to >2.1. Based on the classification
approach of Grevemeyer et al. (2018), Layers 2A and 2B in our study area beneath the
segment centers and NTD, with a Vp/Vs of >1.9 could be composed of serpentinite with
high degrees of alteration. The Poisson’s ratio of >0.3 in Layers 2A and 2B may also
represent serpentinites (Fig. 5¢). Based on compilations of laboratory data (e.g. Bayrakci
et al. 2018), Layers 2A and 2B in our profile have values more consistent with mafic

rocks, though part of Layer 2B has values that are also consistent with ultramafic rocks



289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

(Fig. 5d).

Layer 3 in our model has Vp/Vs and Poisson’s ratio values that lie in the basalt and
gabbro fields of Grevemeyer et al. (2018) (Fig. 5c), but span the mafic and ultramafic
fields defined by laboratory measurements (Bayrakci et al. 2018; Fig. 5d). Thus Vp/Vs
is not always useful for distinguishing the mafic rock and serpentinite. Klingelhofer et
al. (2000) also pointed out that, based on S-and P-wave modelling of data from zero-
age crust at Mohns Ridge (Fig. 5¢), it was not possible to distinguish between 100 per

cent gabbro or 10-40 per cent serpentinised peridotite.

The Vp gradients may tell a different story (Table 4, Fig. 6). The Vp gradient of a
gabbroic Layer 3 is normally <0.2 s (e.g. Carlson 2018; Spudich & Orcutt 1980;
Christeson et al. 2019), but Vp gradients in serpentinite are likely to fall in a range 0.6—
2.1 /s, based on a velocity increase from 5.0 to 8.0 km/s in a serpentinite layer thickness
of 2-5 km (e.g. Minshull 2009). Thus, Layer 3 in our profile, with Vp gradients of
0.1+0.1 /s that are significantly lower than that observed at Mohns Ridge (Table 4, Fig.

6), is more likely to consist of gabbro than serpentinite (Fig. 6).

Layer 3 beneath segments 27 and 28 has a Vp that is lower than that of <7.5 Ma crust
at ridges with half spreading rates of 520 mm/year (Christeson ef al. 2019, Fig. 5a). A
low-velocity zone (LVZ) with a Vp reduction of ~0.6 km/s is also revealed by previous
P wave studies at segment 27 (Li et al. 2015; Jian et al. 2017). The LVZ may result
from high temperatures and/or a small amount of melt (Jian ef al. 2017). The reduced

velocities that we observe are consistent with the presence of such a zone, but we cannot
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resolve it in a layered Vp model with vertically invariant gradients. Using effective
medium theory, Jian et al. (2017) showed that this LVZ can be explained by the
presence of at least 3—10% melt inclusions in its upper part. The presence of melt
reduces both Vp and Vs and increases the Poisson’s ratio (Fig. 5c¢). The low Poisson’s
ratio that we observe suggests that melt volumes are insufficient to influence this value

at the resolution of our model.

If Layer 3 is gabbroic, it is very unlikely that Layer 2 is serpentinite because one would
expect to see some extrusives and dykes above the gabbros (e.g. Christeson et al. 2019).
Moreover, the predominance of basalt in dredge samples (Zhou & Dick 2013), which
likely sample a range of stratigraphic levels, favours a basaltic composition throughout.
As a result, although the Layer 2 Vp/Vs, Poisson’s ratio and Vp gradient could be
consistent with either mafic or ultramafic composition, the gabbroic Layer 3 and the

dredge samples at the seabed suggest a mafic composition for Layer 2 in our study area.

5.2 Crustal petrological characteristics beneath the NTD and segment centers

Although crustal thickness is similar, there are some differences between the NTD and
segments 27 and 28 in Layer 2B. The high Vp gradient, low Vs, high Vp/Vs and high
Poisson’s ratio values beneath the NTD (Table 4, Figs 4, 5b) suggest that the crust there
is more fractured than beneath the magmatic segments, which have lower Vp gradient,
higher Vs, lower Vp/Vs and lower Poisson’s ratio (e.g. Grevemeyer et al. 2018;

Christeson et al. 2019).

Vp/Vs ratios and Poisson’s ratio in Layer 3 beneath the NTD are also higher than those

beneath segments 27 and 28 (Fig. 5b). Previous geophysical and geochemical studies
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of NTDs at ultra-slow spreading ridges have suggested that oceanic Layer 3 may be
missing in these regions (e.g. Minshull ef al. 2006; Zhou & Dick 2013). Furthermore,
the presence of a thick crust (>6 km) beneath both the NTD and segment centers around
SWIR 50°E indicates that a mafic composition is more likely (e.g. Minshull ez al. 1998),
and the simplest explanation for the differences in Layer 3 velocities between the NTD
and segment centers is that the lithologies present are similar. Vp gradients in Layer 3
beneath the NTD and segment centers are quite similar and both in the range of typical
oceanic crust (Table 4, Fig. 6, Christeson et al. 2019; Spudich & Orcutt 1980; White et
al. 1992). Clearly high-amplitude PmP reflections can generated at the Moho beneath
the NTD, similar to those beneath the segment centers (Figs. 3), representing a strong
velocity contrast between the bottom of Layer 3 and the top of upper mantle (e.g.
Minshull et al., 2006). Hence, in our preferred interpretation, Layer 2 is more fractured

and Layer 3 is thinner beneath the NTD, but the crustal composition is similar.

5.3 Petrological characteristics of Moho

Moho as the basement of the crust may be interpreted as either a serpentinization front
or a petrological boundary between mafic rocks above and ultramafic rocks below (e.g.
Minshull 2009). One of the key information to distinguish them is the wide-angle
reflections. Previous studies have reported that a large number of wide-angle reflections
from the Moho represent a sharp boundary as the bottom of the normal oceanic crust,
and absent Moho reflections may represent a serpentinization front or transition zone.

(e.g. Simdo et al. 2020; Minshull 2009; Minshull et al. 1998; Hess 1962). Another
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method to distinguish them is the Moho depth. As summarized by Minshull (2009), for
where there is no large deep fault, the deepest depth for the sea water to reach is ~5 km,
which means the serpentinization front may not occur at the Moho at depth below
seabed greater than 5 km. Fig. 4 shows the Moho in our Vp and Vs models were not
only adequately controlled by PmP and PSSmS, which almost cover the whole parts of
segments 27 and 28 and the NTD between them, but also at depth greater than ~6.5 km.
Hence the Moho in our study area may reflect a sharp boundary rather than a
serpentinization front. This interpretation is also consistent with our Vp structures of
7.0 km/s at the bottom of Layer 3 and 7.7~8.0 km/s at the top of upper mantle. As
mentioned above, if Layers 2 and 3 are composed of mafic rocks, Moho is reasonable

as a sharp boundary between mafic and ultramafic rocks in our study area.

6 CONCLUSIONS

Travel-time modeling of wide-angle seismic Vp and Vs data from OBSs deployed
along the axis on the ultra-slow spreading Southwest Indian Ridge around 50°E led to
the following conclusions.

(1) Beneath magmatic segments 27 and 28, Vs in crustal layers 2A, 2B and 3 is 1.0—
1.6, 2.5-3.3 and 3.6-4.0 km/s, respectively. Beneath the non-transform discontinuity
(NTD) between the segments, Layers 2A, 2B and 3 remain well-defined and have Vs
values of 1.3—-1.7, 2.2-3.2, and 3.5-3.9 km/s, respectively.

(2) Along the ridge, oceanic Layers 2A and 2B are basaltic, but beneath the NTD these
rocks are more fractured than beneath segments 27 and 28.

(3) Although our calculated Vp/Vs and Poisson’s ratios do not lead to a unique
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interpretation of lithology, Vp gradients of 0.1+0.1 /s suggest that gabbro dominates

Layer 3 in our study area.
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Table 1. Statistics of Travel-time Analysis.

Phases Total Inverted Fit ratio Uncertainties RMS 2 Picks / Uncertainties of
picks Picks (%) (ms) (ms) Niu et al., 2015 (ms)

*Pw Vertical 211 211 100.0 50 36 0514 316/30

Pw Radial 227 227 100.0 50 35 0.490 /

Pg Vertical 2617 2499 95.5 50-250 103 1.298 2034/50-73

Pg Radial 2134 2032 95.2 123-200 156 1.005 /

PmP Vertical 649 641 98.8 100-150 96  0.600 660/119-164

PmP Radial 314 314 100.0 131-156 155 1.169 /

Pn Vertical 1075 1025 95.3 73-250 147 1.017 770/100-188

Pn Radial 632 563 89.1 145-200 184 1204 /

All P wave 7859 7512 95.6 / 132 1.061 /

PSSg Vertical 809 781 96.5 102-159 150 1416 /

PSSg Radial 1201 1184 98.6 155-210 176 1.018 /

PSSmS Vertical 216 211 97.7 150-202 226 1325 /

PSSmS Radial 458 444 96.9 192-235 258 1486 /

PSSn Vertical 72 70 97.2 144-200 115 0.561 /

PSSn Radial 75 75 100.0 192-235 149 0494 /

All S wave 2831 2765 97.7 / 187 1.201 /

Note: *When we projected the OBS to the 2-D profile, its depth was adjusted to the
water depth at the 2-D profile, resulting a good consistent of Pw arrivals. The bold
values and text are the summaries or average values of P wave data (lines 2-9) or S wave data
(lines 11-16).

Table 2. Travel-time Analysis for the Moho discontinuity.

Vertical component Radial component

Segment 28 NTD Segment 27 Segment28 NTD  Segment 27

Number of picks 196 193 488 170 207 311
RMS (ms) 117 141 156 158 208 269
$2 0.842 0.973 0.858 0.966 1.344 1.668
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580 Table 3. Estimated uncertainties of velocities, velocity gradients, poisson’s ratio and
581 layer depths.

Model Parameter Uncertainty

Depth of Layer 2A/2B boundary +0.1 km

Depth of Layers 2/3 boundary +0.2 km

Depth of Moho -1.0 km to 0.8 km

Top velocity of Layer 2A +0.2 km/s

Bottom velocity of Layer 2A
Velocity gradient in Layer 2A
Poisson’s ratio in Layer 2A
Top velocity of Layer 2B
Bottom velocity of Layer 2B
Velocity gradient in Layer 2B
Poisson’s ratio in Layer 2B
Top velocity of Layer 3
Bottom velocity of Layer 3
Velocity gradients of Layer 3
Poisson’s ratio in Layer 3
Top velocity of upper mantle

Poisson’s ratio in upper mantle

-0.3 km/s to 0.1 km/s

-1.7/sto 1.8 /s

-0.04 t0 0.03

-0.3 km/s to 0.2 km/s

-0.4 km/s to 0.1 km/s

-0.6/st00.1/s

-0.01 to 0.03

+0.1 km/s

-0.2 km/s to 0.3 km/s

-0.1/st00.1/s

-0.01 to 0.01

-0.4 km/s to 0.1 km/s

-0.01 to 0.01




582

583 Table 4. Comparison of Vp gradients (s™).
This study
1 .
Layer Seg.28 NTD Seg. 27 mean Typ ical *Mohns “Serpentinite
oceanic crust
2A 1.0 23 22 1.7 1.3-1.9
1.4
2B 1.1 1.2 13 1.2 0.6-0.7 0.6-2.1
3 0.1 0.1 0.1 0.1 0.2 0.4

584  1.Data from oceanic crust at age <7.5 Ma with half spreading rates in 5-20 mm/year
585  (Christeson et al. 2019).
586 2. Data from a zero-age profile at Mohns ridge (Klingelhofer et al. 2000).

587 3. Estimated from the compilation of Minshull (2009).

588

589

590

591 Table 5. Estimated Moho depth uncertainty.
Perturbation of bottom velocities = Moho depth Uncertainty at each
of Layer 3 velocity perturbation
+0.3 km/s +0.8 km
+0.2 km/s +0.6 km
+0.1 km/s +0.4 km
-0.1 km/s -0.9 km
-0.2 km/s -1.0 km

592

593
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596  Figure 1. Bathymetry map of the research area; the data are derived from the multibeam
597  data acquired by R/V Dayang Yihao and extracted from the data provided in Sauter et
598 al. (2001). The solid white line indicates the seismic profile. The numbers in white
599  circles on the line indicate the OBS stations. The red solid and dashed lines indicate the
600  spreading segments and the NTDs, respectively (Cannat et al. 1999; Sauter ef al. 2001).

601  The red star represents the Dragon Flag active vent field discovered by the Dayang

602  Yihao in 2007 (Tao et al. 2012). The blue star represents an inactive hydrothermal vent
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608

(Tao et al. 2012). The noted double dashed white lines represent magnetic anomalies
C4n (8.072 Ma), C3An (5.894 Ma), C3n (4.18 Ma), C2An (2.581 Ma), respectively
(Sauter et al. 2009). The red rectangle in the inset shows the location of the study area.
The inset shows bathymetric map of SWIR derived from ETOPO1V1. BTJ: Bouvet

triple junction. RTJ: Rodriguez triple junction.

Offset (km)
-30 -20 -10 O 10 20 30 40 50 60 70

50 -40

T

NP W~

Time-Offset/6.5 (s) Time-Offset/6.5 (s)

0 AN BN OO ~TAUR LI — SO0
%2 7

A T

T =
~ o 7= =R M Ll /A %Y
Bl \ \ WK i Vo
£ 3 L3
EIO:;»—;\;»\—\ “Z - _Moho -
121 .-
141 Pwaverays  Pn (c)

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Distance (km)



609

610

611

612

613

614

615

616

617

618

619

620

Offset (km)

{60 -50 40 30 20 -10 0 10 20 30 40 50 60 70
ob : et
3
!

55
= 6
o7
£5
=10
—~ 1
N
v 3
L 4
55
= 0
o7

8
R
=10

0

2 - i
z 4 SRR e
gi ] o e
= g /% PSSmS
2, PSSmS .

S 107 S ”PSS“ o
1 2_ LTI L L n Ttme—eo_ -7
14] FSsn S wave rays (f)

0 10 20 30 40 50 60 70 80 90 100 110 120 130
Distance (km)

Figure 2. (a) and (d) are record sections of the vertical component and radial component
of OBS 22 along profile AB, respectively. (b) and (e) are the record sections of the
vertical component and radial component of OBS 22, respectively, overlain by picked
and calculated travel times. (c) and (f) are the corresponding ray diagrams of the vertical
component and radial component of OBS 22, respectively, with reduction velocity of
6.5 km/s. The phase labels are explained in the text. In (b) and (e), the red dots represent
the predicted travel time and the colored vertical bars correspond to the rays in (c) and
(f). The size of the vertical bars indicates twice the pick uncertainty (Zelt & Smith 1992).
In (¢), the colored lines represent P wave ray paths of different phases. In (f), the colored
and black dashed lines represent S wave ray paths of different phases. In order to make

the ray diagrams clearer, we only plotted one ray in every two rays. The rays were plotted



621 in 1 in 2. The layered black dashed lines from top to bottom in (c) and (f) represent the
622  seabed, the interfaces between Layer 2A and Layer 2B, Layer 2B and Layer 3, and the
623  Moho discontinuity.
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Figure 3. (a) and (d) are the record sections of the vertical component and radial
component of OBS 30 along profile AB, respectively. (b) and (e) are the record sections
of the vertical component and radial component of OBS 30, respectively, overlain by
the picked and calculated travel-times. (c) and (f) are the corresponding ray diagrams of
the vertical component and radial component of OBS 30, respectively. The other labels

are the same as in Figure 2.
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Figure 4. Models for profile AB: (a) final P-wave velocity model, with velocity contours
every 0.4 km/s; (b) S-wave velocity model, with contours every 0.2 km/s; (¢) Vp/Vs
model, with a contour interval of 0.02; (d) Poisson’s ratio model, with a contour interval
of 0.01. In all four panels, numbered squares represent the OBS stations, solid black
lines represent the seabed, the interface between oceanic layers 2A and 2B, the interface
between oceanic layers 2B and 3, and the Moho discontinuity, respectively; black arrows
at the bottom show the locations of the 1-D models shown in Figure 5 (labelled in (a)
and (b) with crustal thickness). In (a) and (b), the red colored portion of the Moho marks

sections constrained by PmP and PSSmS reflections, respectively. The yellow areas of
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Figure 5. (a) 1-D velocity—depth variations sampled from segments 27 and 28 (segment
centeres) and NTD (black arrows in Figure 4). The red and blue solid lines represent
the P-wave velocity from Layer 2B and Layer 3 in the segment centres and NTD,
respectively, while the dashed red and blue lines represent the S-wave velocity from
the segment centres and NTD, respectively. The gray shaded envelope bounds

velocities for ridge of age of 0—7.5 Ma with half spreading rate of 5-20 mm/year
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(Christeson et al. 2019). (b) Vp/Vs and Poisson’s ratio (dashed lines) structures
compared with previous study. The blue and red lines represent the Vp/Vs and
Poisson’s ratio structures beneath the NTD, segment centeres, respectively. The green
lines represent the Poisson’s ratio beneath Mohns ridge (Klingelhofer et al. 2000). (c)
Vp/Vs as a proxy for rock types and mantle serpentinisation. The black dashed lines
with numbers in the panel indicate the Vp/Vs values. The rock type field defiitions are
from Grevemeyer et al. (2018). The filled red and blue circles represent data beneath
segment centres and the NTD, respectively. The red lines with labels on the top right
of the chart represent the Poisson’s ratio calculated in this study. The head and tail of
the yellow arrow represent, respectively, the result of adding 3% and 10% melt to a
gabbro with a Vp of 7.0 km/s and a Vs of 4.0 km/s. The dotted green lines represent
Poisson’s ratio of zero-age crust at Mohns ridge (Klingelhofer et al. 2000). (d)
Comparison between Vp and Vs of Layer 3 beneath the NTD and segment centres at
SWIR with the mafic and ultramafic samples under the confining pressure of 50 MPa
(Bayrakci et al. 2018). The open red and blue circles represent data beneath segment
centres and the NTD, respectively. Squares represent data from Atlantis Massif
(Blackman et al. 2006; Friith-Green et al. 2017); crosses represent data from Kane
transform fault (Miller & Christensen 1997); stars represent data from Hess Deep
(Iturrino et al. 1996); diamonds represent data from Atlantis II fracture zone (Iturrino
et al. 1991); and inverted triangles represent data from ophiolitic partially serpentinised
peridotites (Christensen 1966). Thin black lines represent Poisson’s ratios. Gray and

green lines represent the least squares curves for Vp/Vs of ultramafic and mafic samples,



674  respectively. In panels (a), (c) and (d), the thick black line marks the boundary between

675 Layer 2 and Layer 3 of our models.
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677  Figure 6. Distinguishing lithology based on Vp/Vs ratio and Vp gradients. Rectangles,
678 circles, triangles and stars represent data from segment center 27, segment center 28,
679  the NTD between them and zero-age crust at Mohns Ridge (Klingelhdfer et al. 2000),
680  respectively. Layer 2A data are omitted because their Vp gradients have large
681  uncertainties. The blue and green colours represent data from Layer 2B and Layer 3,
682  respectively. The dashed lines crossing the symbols with bars or triangles at their ends
683  represent the Vp gradients and Poisson’s ratio errors, respectively. In order to make
684  error bars visible when Vp/Vs values are the same, we made small adjusments to these
685  values. The blue line and orange region represent respectively the mean and standard

686  deviation of Layer 2 velocity gradients for < 7.5 Ma oceanic crust with half-spreading



687  rates in 5-20 mm/year (Christeson et al. 2019). The green line and red region mark the
688  corresponding values for Layer 3. The blue region marks serpentinite, with Vp/Vs =

689 1.9 (Grevemeyer et al. 2018) and Vp gradients of 0.6 /s~2.1 /s (see text).
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Figure S2.(a) Vertical component data from OBSI16. (b) Travel-time fit and (c)
corresponding ray-tracing for this study. (d)-(e) and (f)-(g) Travel-time fit and
raytracing for Niu et al.’s (2015) shallow and deep Moho models, respectively. In
panels (b), (d) and (f), the coloured bars represent picked arrivals with error bars, while
the red circles represent calculated arrival times for the model. The corresponding
umber of picks, RMS traveltime residual (RMS) and normalized chi-squared are also
shown. The dashed lines in panels (c), (¢) and (g) mark the seabed, the Layer 2A/2B
boundary, the Layer 2B/3 boundary and the Moho. The reduction velocity is 6.5 km/s.

In order to make the ray diagrams clearer, we only plotted one ray in every three rays.

Figure S3. The same as Figure S2 but for OBSS.

Figure S4. The same as Figure S2 but for OBS4.

Figure SS. The same as Figure S2 but for OBS2.

Figure S6. The same as Figure S2 but for OBS11.

Figure S7. The same as Figure S2 but for OBS21.

Figure S8. The same as Figure S2 but for OBS22.

Figure S9. The same as Figure S2 but for OBS23.

Figure S10. The same as Figure S2 but for OBS24.

Figure S11. The same as Figure S2 but for OBS25.

Figure S12. The same as Figure S2 but for OBS26.

Figure S13. The same as Figure S2 but for OBS30.
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Figure S14. Difference between our Vp model and that shallow Moho version of Niu
et al. (2015). The green solid and dashed lines represent the layer boundaries of the Vp
model of Niu et al. (2015), while the black solid and dashed lines represent our new
layer boundaries. The thick pink and yellow lines represent the reflection points of Niu

et al.’s (2015) Vp model and our new model, respectively.
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Figure S15. Difference between our Vp model and that deep Moho of Niu et al.
(2015). The green solid and dashed lines represent the layer boundaries of the Vp

model of Niu ef al. (2015), while the black solid and dashed lines represent our new
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layer boundaries. The thick yellow lines represent the reflection points of our new

model. Colour contouring is as for Figure S14.
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Figure S16. Gravity anomaly along the profile. Dashed line marks satellite-derived
gravity anomaly. Dotted line marks the gravity anomaly calculated for a model in which
seismic velocity model in this study is converted to density. Thick and thinner solid
lines marks the calculated anomaly corresponding to the seismic velocity model of Niu
et al. (2015). The density values are calculated by using a velocity and density

relationship of p=3.81-6.0/Vp (Carlson & Herrick, 1990).
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67  Figure S17. Ray density for Vp model (A) and Vs model (B) in 0.25 % 0.25 km cells.

68  The other labels are the same as in Fig. 4.



